Abstract-The JESD89 test standard defines how terrestrial neutron testing is conducted [1] . The test standard covers a number of different types of radiation used for testing, including protons, neutrons, and alphas, and different types of testing, including life testing and accelerated testing. Broad-spectrum neutron testing is the most common type of accelerated radiation testing for the terrestrial radiation environment. Unlike most test standards, the JESD89 defines the minimum energy for determining the cumulative fluence for the deployed and test environment. Currently, the minimum energy is set at 10 MeV. As the test standard is currently being rewritten, changing the minimum energy to 1 MeV is being explored, because it is believed that the onset to neutron-induced single-event effects (SEEs) is less than 10 MeV. There are three separate problems with lowering the minimum energy: determining whether electronics have a sensitivity to neutron-induced SEEs below 10 MeV, determining whether the test spectra match the terrestrial environment in the 1-10-MeV range, and the measurement error caused by not including the fluence from 1 to 10 MeV. In this paper, we present information on these factors and whether the minimum energy should be lowered to 1 MeV.
I. INTRODUCTION
U NLIKE other types of radiation testing, most terrestrial radiation testing is conducted in broad-spectrum neutron sources, such as the Los Alamos Neutron Science Center (LANSCE), TRIUMF, ChipIr, or the Research Center for Nuclear Physics (RCNP) [2] - [5] . This type of testing is common because the broad-spectrum neutron test spectrum is a close analog to the terrestrial neutron spectrum. Because the cross section determined through testing at a broad-spectrum neutron test facility has the energy convolved within the data already, it is possible to determine the predicted error rate by just multiplying the cross section by the cumulative flux in the deployed location. As long as the source spectrum is consistent with the terrestrial spectrum, this methodology is reasonable. Slayman [6] shows this method provides at most a factor of two measurement errors.
There are standard-specific issues that arise when testing in broad-spectrum neutron sources. For example, all of these facilities have unique spectra with different minimum and maximum energies. The JESD89 terrestrial neutron test standard defines the minimum energy (E min ) for determining the cumulative fluence. Currently, E min is set to 10 MeV. There is no equivalent concept of the maximum energy. Each facility provides dosimetry that counts the fluence from 10 MeV to their own maximum energy. Cross sections are calculated using this fluence and the number of events counted during the test. The flux used for error rate predictions has the same E min for calculating the cumulative flux. As a reference, determining the deployed error rate for New York City (NYC) is common and allows for different parts to be compared. The standard includes the cumulative flux of NYC for 10-MeV-100-GeV neutrons.
The standard makes a number of assumptions with E min as follows.
1) The onsets for neutron-induced single-event effects (SEEs) are approximately 10 MeV.
2) The number of neutron-induced SEEs by neutrons with energies less than 10 MeV is negligible.
3) The SEE sensitivities are completely saturated above 100 MeV, such that an increase in energy does not cause a significantly different effect or a larger effect in the case of multiple-cell upsets. 4) The differences in spectra between the test facilities and the terrestrial environment are negligible. 5) The amount of measurement error inserted into the calculation based on all of these issues is negligible.
The JESD89 test standard is in the process of being rewritten, and these assumptions are now under question. In particular, the JESD89 Task Group is looking at the role of 1-10-MeV neutrons on electronics, on the test spectra, and on uncertainty in the cross section and error rate calculations. The current conversation focuses on whether E min for the terrestrial and facility spectra should be decreased from 10 to 1 MeV. This paper looks at three specific questions with E min set to 10 MeV. 1) Is there evidence that 1-10-MeV neutrons cause SEEs? 2) Are the 1-10-MeV test spectra consistent with the 10-1000-MeV test spectra? 3) Do either of these issues cause a significant measurement error in the cross section calculation? While measurement error could be inserted into the calculations from either the difference in the neutron spectra or a low onset to neutron-induced SEE, all three together cause a test standard issue. In this paper, several neutron spectra and parts are studied to provide a comprehensive picture of how modern 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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electronics are affected by different neutron environments. A discussion about the reasoning around whether E min should be lowered to 1 MeV is presented. This paper is organized as such. In Section II, data on the neutron-induced SEE onsets for the Lambert, Hands, and Alia parts are presented [7] - [9] . In Section III, the reference spectra for the terrestrial and broad spectra neutron sources are presented. In Section IV, we present the measurement error for cross sections calculated with the standard E min and the proposed E min . Section V presents a discussion of how the work in this paper affects the test standard.
II. REFERENCE AND CONTROL PARTS
Without information about the neutron-induced SEE sensitivities in the 1-10-MeV range, it is difficult to determine how the cross section calculation is affected by 1-10-MeV neutrons. High fidelity neutron-induced SEE data in the 1-10-MeV energy ranges are needed for three reasons as follows:
1) the Weibull parameters for neutron-induced SEEs; 2) the cross section calculated using the convolution of the environment and the Weibull; 3) an estimate of the percentage of SEEs induced by 1-10-MeV neutrons in broad-spectrum neutron calculations. It has been challenging to resolve this issue for a number of reasons: finding facilities that provide monoenergetic neutrons between 0.1-10 MeV; reliance of broad-spectrum neutron sources, which obscure the low-energy cross section information; and an uncertainty around which parts are affected. Information about these parts and their cross sections is needed to determine whether the neutron fluence in the test facilities is currently undercounted and causing measurement error in the cross section calculations. As discussed in Section III, many facilities have an overabundance of 1-10-MeV neutrons in their spectra, as well as the inability to accurately count neutrons below and around 1 MeV.
The JESD89 test standard includes the use of protons and neutrons to measure the SEE cross sections needed for terrestrial error rate predictions and terrestrial radiation effects which researchers might try to use proton testing to estimate the 1-10-MeV neutron cross sections. Using proton cross sections for this paper is not recommended. First, the use of monoenergetic protons is only recommended for energies above 50 MeV [1] , [10] . Furthermore, the 1-10-MeV energy range is problematic because protons can cause SEE from both direct and indirect ionizations in this energy range [11] , unlike neutrons. Therefore, using monoenergetic neutron sources is the only recommended method for studying low-energy neutron SEE sensitivities.
There is limited research in the literature. A pair of papers present cross sections for 1-15-MeV neutrons [7] , [8] . A recent paper by Alia et al. [9] shows onsets greater than 10 MeV. There are a number of papers on 14.1-MeV neutron test which show that some of the SEE onsets have been below 14 MeV for over a decade [12] - [15] . There are a few older papers from the Alternative Energies and Atomic Energy Commission as well [16] , [17] , and papers that used white sources to get at the monoenergetic data [18] , [19] . This paper does not use these older papers.
References [7] and [8] are the basis of this paper. The information about the Weibull curves for a subset of parts is given in Tables I-III . With these three papers, a variety of parts are studied: static random access memory (SRAM) [7] , [9] , field-programmable gate arrays (FPGAs) [7] , and power MOSFETs [8] . The two papers on SRAM predominantly study bulk SRAM over a variety of feature sizes. Lambert also includes results for online SRAM used on flash-based FPGAs that include smaller feature sizes than the studies on bulk SRAM. The three papers also provide three different SEE phenomenology, including single-event upsets (SEUs) [7] , single-event burnout (SEB) [8] , and single-event latchup [9] . This paper assesses how different Weibull parameters affect the measurement error in the cross section. The two most important characteristics are the onset and the width: one defines the energy that neutron-induced SEE starts, and the other is the energy that neutron-induced SEE saturates. Many of these parts have onsets as low as 0.1 MeV, which we believe [9] is theoretical lower limit of the neutron-nucleus reaction cross section. The parts in [9] act as a control on the analysis, because all of the parts have an onset greater than 10 MeV. While the parts in [7] and [8] provide evidence that the test facilities are currently undercounting cumulative fluence with E min at 10 MeV, the parts in [9] show cases where the cumulative fluence is overcounted. In this manner, the analysis includes information how parts with no, low, or high 1-10-MeV neutron sensitivities would be affected by changing E min .
III. 1-10-MEV SPECTRA
In this section, the 1-10-MeV spectra for the test and reference environments are discussed. There are two simplifying assumptions in the test standard: E min and the acceleration factor. Both concepts inform how E min has been used in the standard historically, and what the spectrum issues are around decreasing E min . A discussion of the proportion of the energy distribution is also presented.
A. Acceleration Factors
The 1-1000-MeV neutron spectra from the JESD89 test standard are shown in Fig. 1 . In this figure, the broad-spectrum neutron facility spectra are divided by an acceleration factor so that the spectra overlay the reference spectrum. Table IV lists the acceleration factors for the facilities in this paper. The acceleration factors are the ratio of the cumulative flux for the test and terrestrial spectra. For the JESD89 test standard, the neutron environment at NYC is considered as the gold standard for deployed systems. Fig. 1 shows an analytical fit of the model used by the JESD89 for the reference spectrum [1] . As shown in the JESD89, the fast neutron spectrum for different Earth-bound locations has similar energy distributions, but the flux depends on altitude, latitude, and longitude. For example, the energy distribution for the neutron spectrum for Los Alamos is similar to the NYC spectrum, but the flux is six times higher in Los Alamos due to altitude.
The underlying assumptions in the terrestrial neutron error rate prediction are that the test facility's spectrum is a scalar multiple of the terrestrial environment, and that the neutron spectrum convolved into the cross section is the same spectrum in the terrestrial environment. These assumptions allow a scalar acceleration factor to be used when comparing the test and terrestrial spectra. If the spectra are the same, then testers do not have to adjust the cross section based on discrepancies in the spectrum. Examining Fig. 1 shows that each facility has a spectrum with roughly the correct spectral shape, except in two regions: around 10 MeV and the maximum energy of the facility. The divergence at the maximum energy is expected. Around 10 MeV, all facilities diverge from their acceleration factors, indicating that the acceleration factors are energy dependent, as shown in Fig. 2 . This figure shows that as the energy decreases, the divergence in the differential spectra can increase. ChipIr is the most affected with the spectrum continuing to increase even through the model indicates the spectrum should decrease. LANSCE is consistently 50% too high. TRIUMF starts off too high at 10 MeV and then too low at 1 MeV. Because the spectra change as E min decreases, it is necessary for the acceleration factor to change as well, which is shown in Fig. 3 . Most of the acceleration factors increase by a factor of two, except for ChipIr. It should be noted that the data around the lowest value, which is 1 MeV for most of the accelerators, might include lower energy neutrons, too. For example, the lowest bin for dosimetry at LANSCE is 1.0-1.25 MeV. This bin includes a small number of neutrons below 1 MeV and should not be used.
The use of E min simplifies the standard. By setting E min at 10 MeV, the test standard could use a scalar acceleration factor to avoid issues with the spectrum below 10 MeV. If E min decreases, then it is necessary to use the corresponding acceleration factor from Fig. 3 at least. A piecewise acceleration factor might also be useful for handling different energy regions. 
B. Distribution of Energies
Table V presents a breakdown of the percentage of neutrons in three energy bins: 1-10, 10-200, and 200+ MeV. This breakdown allows for a comparison to be made between the facilities and the reference spectra. We are particularly interested in determining which areas the facilities are outside of expected bounds. Because spectra and flux are difficult to measure well, many people assume there could be up to a 50% error in the terrestrial spectrum, although we expect the facilities spectra to only have 10% or less error. Therefore, we are looking for cases where the neutron spectra are ±50% of the terrestrial spectrum. This analysis shows that ChipIr, LANSCE, and RCNP have too many 1-10-MeV neutrons. TRIUMF also has too many 10-200-MeV neutrons. LANSCE is the only facility within 50% of the terrestrial spectrum for 200+ MeV neutrons, although most facilities do not have neutrons above 200 MeV.
C. Spectrum Issues
It is clear that the broad-spectrum neutron facilities do not match the terrestrial reference spectrum in the 1-10-MeV range. Most facilities are having some issue with 1-10-MeV neutrons, indicating that this part of the terrestrial spectrum is difficult to model correctly under laboratory conditions. Because of these issues, excluding the 1-10-MeV neutrons from the fluence and flux simplifies the calculation.
Unfortunately, given the data in Section II, most modern electronics have a sensitivity to 1-10-MeV neutrons, which cause users of broad-spectrum neutron environments to collect SEEs in that energy range. Therefore, radiation testers are undercounting the fluence by not including this energy range. This artificially creates higher cross sections and could increase measurement error.
If this energy range is included, then the approach to the acceleration factor needs to be changed. One approach is to increase the acceleration factor to include the excluded energy range. Another approach would be to use a piecewise acceleration factor that uses a combination of two to three energy-dependent acceleration factors that take into account how the offsets change over the entire energy distribution.
IV. MEASUREMENT ERROR
The information from Sections II and III is analyzed to develop an understanding of the measurement error. To determine the amount of measurement error, cross sections from the reference and test spectra are compared. The cross sections are calculated using the predicted number of SEEs in 1 h in the environment and the per-hour fluence for the environment. The SEE prediction is a key part of the calculation, as it is calculated using the Weibull parameters from Section II. This prediction takes into account the energy dependence of the test data and the particulars of each spectrum. These predicted cross sections and the predicted number of SEEs are used to assess several factors: the measurement error in the measured cross sections, and the percentage of SEUs caused by 1-10-MeV neutrons. In the remainder of this section, the methodology and the analysis are presented.
A. Methodology for Calculating the Cross Sections
There are a number of steps for determining the predicted cross sections for each environment. While nominally all that is needed is the number of events and the fluence, this process requires calculating predictions for the per-hour SEE rate, the per-hour number of SEEs, the per-hour flux, and the perhour fluence to get all of correct variables to calculate the cross section. If done in this manner, one can model how each of the spectra causes SEEs to occur in the environment in a given time period so that cross sections can be predicted. Even though the parts are the same, the cross sections should vary based on the differences in the spectrum. In this section, the steps for modeling these cross sections are presented.
The predicted number of SEEs is calculated from the perhour SEE rate. Equation 6.10 from the JESD89 is used to determine the SEE rate
where E is the energy, E min is either 1 or 10 MeV, E max is the maximum energy of the spectrum, δφ(E)/δ E is the derivative of differential flux based on energy, and σ SEE is the energydependent cross section for the part. If the differential flux is in units of (neutrons/cm 2 -hour-MeV), then the SEE rate is in units of (events/hour). Equation 6 .09 from the JESD89 is used to determine the energy-dependent cross section based on the Weibull parameters from Tables I-III
where σ sat is the limiting cross section, E th is the threshold energy for SEE, W is the width of the Weibull curve from the onset to the beginning of saturation, and s is a fitting factor. With a broad-spectrum environment, the end of the width region, which signals the beginning of the saturation region, can be very important. The end of the width region is defined as E th + W . More SEEs are collected in the saturated energy region than in the unsaturated energy ranges. This last statement is due to a number of factors, including the difference between the unsaturated and saturated cross sections and the difference in the energy ranges that cover the unsaturated region and saturated region. For example, if IRFBG30PbF is tested at LANSCE, then the unsaturated energy range is 3-4.5 MeV, whereas the saturated energy region is 4.5-800 MeV. Furthermore, the cross section around E th is four orders of magnitude smaller than the saturation cross section. Therefore, the majority of the contribution is made by the neutrons between 4.5 and 800 MeV. If the onset is high and/or the width is very large, the contribution of 1-10-MeV neutrons might be minimal. The per-hour SEE rate is used to predict the number of SEEs in 1 h by multiplying the per-hour SEE rate by the per-hour neutron flux. For the NYC reference cross sections, the per-hour cumulative flux in JESD89 standard is 13.5 (neutrons/cm 2 -hr for an E min of 10 MeV; the proposed value for 1 MeV is 20.4 (neutrons/cm 2 -hr). For the facilities, the per-hour neutron flux is determined by summing the integrated flux over the two energy ranges.
The per-hour flux is converted to per-hour fluence by multiplying by 1 h. This fluence calculation is the final step of the cross section calculation. The predicted number of perhour SEEs and the per-hour fluence are used to calculate the predicted cross section.
B. Measurement Error for 1-and 10-MeV Cross Sections
In this section, information on the measurement error for the cross sections is presented for both E min at 1 and 10 MeV. Figs. 4 and 5 show the SEU data from the Lambert paper averaged across feature size. The remaining parts, where the feature size is unknown, are in Tables VI and VII. This section presents information of the measurement error for the cross section calculations using both the standard's E min and the proposed E min .
The initial concern is with Fig. 4 , which shows a trend toward increasing measurement error as feature size decreased. Given the fact that the data in this paper end at 65 nm, it is possible that the measurement error is larger in parts with smaller feature sizes. When the ratios for the Hands parts are examined in Table VI , the ratios for all of the parts at ChipIr are outside of the ±50% measure error one would expect with cross section calculations. It should be noted that none of the other parts in the Hands and Lambert papers have a significant measurement error. In general, there is reasonable agreement between all of the facilities and all of the parts. The control parts in [9] are different, and most of the parts have significant measurement error. Because the onsets range between 17 and 27 MeV, the cross sections measured in the broad spectrum environment are lower than expected, due to overcounting of the fluence. These results are concerning, because lowering E min would make these cross sections even lower.
Lowering E min decreases all of the predicted cross sections, because the fluence increases with the addition of the The unexpected results are in Fig. 5 and Table VII . When E min is decreased to 1 MeV, nearly all of the cross sections measured in broad-spectrum neutron facilities have a significant measurement error. Not only are the control parts worse but most of the Lambert and Hands parts also have a measurement error that is greater than ± 50%. Furthermore, the results do not improve as feature size decreases. The only exception is the TRIUMF facility, which almost perfectly matches the terrestrial cross section results when E min is set to 1 MeV.
C. 1-10-MeV SEEs
Given these surprising results, the SEEs induced by 1-10-MeV neutrons are examined in greater detail. As discussed in Section III, most of the spectra have 1.5 to 2.0 more 1-10-MeV neutrons than the terrestrial spectrum, except for TRIUMF which has fewer 1-10-MeV neutrons. A third of the terrestrial spectrum is 1-10 MeV. This led us to believe that a significant portion of the cross section could be events induced by 1-10-MeV neutrons.
As shown in Table VIII , this assumption is only partially true. In the case of SEUs in the Lambert parts, only 6%-11% of SEUs in the terrestrial environment are induced by 1-10-MeV neutrons. Furthermore, while the test facilities have an overpopulation of 1-10-MeV neutrons, most of the predicted number of SEUs for the Lambert parts is within measurement error of the terrestrial environment. The exception is ChipIr with the M2GL090 part, which has significantly more SEUs induced by 1-10-MeV neutrons. The Hands parts are different, and there are significantly more SEB events than SEUs in the same energy region. For ChipIr, LANSCE, and RCNP, 30%-50% of the cross section comes from 1-10-MeV neutrons.
The difference between these two data sets is the width parameter of the Weibull curve. Most of the Lambert parts have onsets between 0.1 and 6.0 MeV and widths between 1.9 and 30 MeV. In comparison, the Hands parts have onsets around 3 MeV and widths between 1.0 and 1.5 MeV. Even though the onset is the lowest in Lambert's parts, the parts are unsaturated in the 1-10-MeV energy region. The Hands parts are saturated below 10 MeV, which means that the sensitivity is maximized in the 5-10-MeV energy range. Furthermore, the cross section in the broad-spectrum neutron environment is much closer to the saturated cross section for the Hands parts than the Lambert parts. The two parts in the Lambert study that had the smallest width parameters, the two FPGA RAMs, more closely mimic the Hands part with more SEUs in the 1-10-MeV energy range.
While the initial assumption is that the low onset would cause issues with measurement error, both a low onset and a small width are needed to cause measurement error. Given the parts in this paper, the best prediction with the least amount of measurement error is made with E min at 10 MeV. At this point, it does not make sense to decrease E min .
V. DISCUSSION
While E min is not going to change in the next version of the JESD89, one of the reasons why it is not changing is continued uncertainty about the effect of 1-10-MeV neutrons on modern electronics. There are a number of factors that need further study, including: 1) the effect of 1-10-MeV neutrons on bulk CMOS transistors with feature sizes smaller than 65 nm; 2) the effect of 1-10-MeV neutrons on finFET transistors; 3) how to discern whether E min should be changed for specific parts. The first two issues must be resolved with more monoenergetic neutron test data for more parts. E min should not be changed until more information is collected on newer parts, especially parts with finFET transistors. The final issue is explored in this paper.
One problem with this paper is that even with more information available than most users have, it is unclear how to change E min . Optimizing the scalar E min for several different facilities, several SEE phenomena, and all electronics is challenging. The issue with E min causes two different issues to arise from the fluence measurements.
1) Undercounting the neutron fluence causes the cross sections to be too high. 2) Overcounting the neutron fluence causes the cross section to be too low. Both of these situations can be problematic. The first situation could cause the designers to use mitigation methods that they might not need. The second situation could cause the designers to not mitigate systems that should be mitigated. In most cases, an adaptive approach to E min would be useful, but more information about the SEE sensitivity is needed.
One idea is to move E min to where the saturated cross section starts, which is the end of the width region. While SEEs occur between the onset and the end of the width, the number of SEEs is a fraction of the number of SEEs caused by neutrons in the saturation region. The cross sections in the unsaturated regions are often 10×-1000× smaller than the saturated cross section. Furthermore, the unsaturated cross section might only consist of a 30-MeV energy range in an energy spectrum that covers a 200-800-MeV total energy range. Therefore, the number of events is dominated by the saturated cross section. As shown in Table VIII , 1-10-MeV neutrons might only induce 5%-15% of the total number of SEEs, which is well within the error bars if more than 1000 events are collected.
It is possible that proton testing can be used to determine the saturated cross section. Using the saturated cross section as a guide, it is possible to move E min such that the broadspectrum neutron cross sections closely mimic the saturated cross section. In this manner, the end of the width region might be determined. Even if the neutron cross sections are still reported using E min at 10 MeV, the testers can estimate the amount of measurement error in the calculation. If the saturated region starts at an energy above 10 MeV, then the testers know the fluence has been overcounted. If the saturated region starts below 10 MeV, then the testers know the fluence is undercounted.
VI. CONCLUSION
In this paper, the neutron spectra for a number of different environments are presented. These spectra are convolved with the Weibull parameters for several parts from three different papers to compute cross sections for the current and future JESD89 standard. These calculations show that keeping E min at 10 MeV reduces the amount of measurement error in cross sections calculated in broad-spectrum neutron facilities. Even though the onset for most electronics and most SEE phenomena is less than 10 MeV, the number of SEEs caused by the unsaturated cross section provides only a small increase in the total number of events. Until more information is collected on bulk CMOS transistors below 65 nm and finFETs, E min should not be changed.
